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Abstract 
The processes of mutual element diffusion in coating and matrix are the one of significant factors affecting the service life of 
critical components and assemblies, including products with coatings. These processes render a direct influence on the corrosion 
resistance and wear of parts, operating at high temperatures in aggressive environments, such as the petrochemical industry. The 
paper proposes a method for calculating the concentrational distribution of elements in matrix and its coating at high temperature 
gradients and internal stresses. Concentrational mechanism of diffusion and thermal diffusion by the vacancy mechanism are the 
dominant mass transfer processes of the coating elements at the binary ‘steel–coating’ system heated to 1173 K (1073–1173 K is 
the temperature of the pyrolysis under industrial conditions). Both transfer mechanisms are directed into the matrix depth which 
leads to an intensive relocation of coating atoms to its internal surface layers. The focus of this study was to perform an analysis 
of the coating concentrational profiles, obtained on the basis of thermal diffusion and vacancy mechanisms of mass transfer 
taking into account internal stresses in the crystal lattice of matrix. 
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1. Introduction 
Protective coatings are widely used in the oil and gas industry for performance of parts, components and 
assemblies enhancement. Tungsten coatings with high hardness (from 10 to 40 GPa), obtained by chemical vapor 
deposition, are used to increase the wear and corrosion resistance of products, operating under influence of hydrogen 
sulphide, inorganic acids and other corrosive environments,  
Non-porous coatings based on tungsten and its carbides have a high corrosion resistance in hydrogen sulphide 
solutions and inorganic acids, which significantly increases the service life of tools and critical parts at their 
operation in extreme conditions of abrasive, corrosive and erosive wear [1]. In this case increased performance 
characteristics are achieved with unique combination of chemical resistance, hardness, toughness, fractured and anti-
shock protective coatings [2]. 
Tungsten coatings are used to increase the service life of components and assemblies in processing plants for 
hydrogen production, at petroleum refining from the sulphur contained therein [3]. The steady growth of the energy 
fuel production, the need to purify it from sulphur and increased requirements for oil quality determine the relevance 
of protective coatings development in the oil and gas industry [4]. 
One of significant factors affecting the service life of critical components and assemblies, including products with 
coatings are the processes of mutual element diffusion in coating and matrix. These processes render a direct 
influence on corrosion resistance and wear of parts operating at high temperatures in corrosive environments, such as 
in petrochemical industry. 
The paper proposes a method for calculating the concentrational distribution of elements in matrix and its coating 
at high temperature gradients and internal stresses. 
2. The kinetic model of heat transfer by concentrational mechanism 
Debye approximation is used for calculation of a single atom’s probability to vacate his place in crystal lattice. 
From the thermodynamics viewpoint, the energy fluctuation equal to Gibbs potential of atom activation (∆Gi) is 
required for a successful atom hopping. 
ii GΔQ =    (1) 
)kT/Qexp(P ii =    (2) 
here Qi is the energy fluctuation required to move an atom; Pi is the probability of its displacement. The kinetic 
equation for the vacancy diffusion mechanism was derived from atom hopping frequency using formula (2). It uses a 
calculation method proposed earlier in [5], but in this paper it is supplemented by taking into account thermal 
stresses. 
Consider the three cross–sections of the crystal lattice plane in which atoms are arranged. These planes are 
perpendicular to the axis along which the atomic diffusion occurs. The concentrational gradients of alloy 
components, the temperature gradient, the gradient of the vacancy concentration and the internal stresses gradient are 
arised along this axis. 
The calculation of internal stresses is an additional clarifying factor at presented model in comparison with other 
investigations. Assume that the lattice parameter of the matter is a result of the external force changes. In case of 
stress appearance the crystal lattice parameters through the matrix depth will vary. Fig. 1 shows a scheme of the 
selected planes with 1, 2, 3 numbers. The number of A and B atom components and vacancies is marked under each 
plane, b1 and b3 are the distances between planes. 
Obviously, the number of vacancies is always less than the atom amount. Consequently, the atom flow is 
determined by the number of vacancies. Consider a flow of A component in the x direction. Let us define the atoms 
flow as the change of one component number in the second unit area plane per unit of time. This flow is due to the 
atom hopping from one plane to another. 
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Fig. 1. Scheme of the atomic planes arrangement. 
A number of A component atom hopping from i to j plane is defined by following manner (3). 
ijiVVBAijAVij ГnNNNN/)ГNN(n jiiiij =++=   (3) 
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iiii VBAAi ++=    (4) 
here ni is the atom part of A component into i plane. An expression of flow takes the form (5): 
32212312A nnnnJ +=    (5) 
Concentrations in adjacent planes are linked up to the terms of first order with respect to small quantities of the 
series expansion (6): 
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By brining together (5) and (6) and denoting 2VV nn = , we recieve the following formula (7): 
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By bringing together (7) and (8) we recieve formula (9): 
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A series expansion of the lattice parameter was produced as the next step. In this case, the elastic constants (E – 
Young's modulus and P – internal stress) are entered in equation (10): 
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 here cA, cB are the concentrations of A and B atom type, EA, EB are the activation energy of interstitial diffusion 
mechanism, T is the temperature, k is the Boltzmann constant, D~ =DBcA+DAcB is the mutual diffusion coefficient. 
The first term reflects a mutual diffusion in the binary ‘steel–coating’ system by concentrational mechanism; the 
second term reflects thermal diffusion under the influence of a temperature gradient [6, 7]. In addition, this model 
accounted for internal stresses in the crystal lattice caused by external influences or uneven temperature distribution. 
3. The calculation method of alloying elements distribution after heating 
For further calculations of the elements redistribution as a result of long–term heating we use equation (11), 
which was solved by numerical methods. An implicit finite-difference scheme with splitting into physical processes 
is used for this method [8]. 
All the diffusion coefficients used in calculations (D0=1.2൉10–4 m2s–1 and D0=7.5൉10–5 m2s–1, EA=413 kJ/mol and 
EA=487 kJ/mol for tantalum and tungsten respectively) were obtained in the experiments and presented at the 
reference [9]. 
The considered alloying elements (tungsten and tantalum) are ‘less mobile’ (have a higher diffusion coefficient) 
compared to iron. In accordance with developed model and the initial elements distribution (heterogeneous system 
with coating) an alloying element flow from coating to the inner matrix layers is observed, both by concentrational 
and thermal diffusion mechanism. 
Diffusion character with concentrational mechanism is obvious – original concentration in the coated area is 
much higher than in the matrix and coating elements diffuse into the substrate (Fig. 2a, Fig. 2b). 
According to thermal diffusion mechanism more mobile impurity moves from a higher temperature region to a 
lower temperature area because of the atoms hopping probability of such impurities. Respectively, such impurities 
flow will be oriented against the temperature gradient direction. In this case, the iron atoms will be relocated to the 
steel surface by thermal diffusion mechanism; thereby, the alloying elements concentration will be reduced at the 
surface and enlarged in the inner layers. 
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Thus, both concentrational and thermal diffusion mechanisms are directed to one side. Tantalum and tungsten 
atoms diffusion directed to the inner layers of the matrix also occurs under internal stress influence. 
 
Fig. 2. Distribution of tantalum (a) and tungsten (b) concentration through the matrix depth with 0.5 μm of the coating thickness at different 
heating duration (T=1173 K). 
4. Results and discussion 
Analysis of concentration profiles (Fig. 3) shows that under the binary systems heated to a temperature of 1173 K 
for 60 minutes with the same coating thickness, tantalum concentration ranges from 0.39 to 0.21 atomic mass 
proportion at the depth of 1.25 μm. 
 
Fig. 3. The distribution of the tungsten and tantalum concentrations over the matrix depth with 0.5 μm of the coating thickness at 60 minutes 
heating duration (T=1173 K). 
At the same time, tungsten atomic concentration changes from 0.32 to 0.20 of atomic mass proportion. The 
difference between tungsten (0.31 at.p.) and tantalum (at.p. 0.37) concentrations on the matrix and coating boundary 
with 0.5 μm of the coating thickness is due to the atoms diffusion rate under long–term high temperature exposures. 
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5. Conclusion 
Concentrational diffusion and thermal diffusion by the vacancy mechanisms are the base processes of mass 
transfer in binary ‘steel–coating’ systems under long–term high temperature exposures. Both mechanisms occur 
through the matrix depth and lead to an intensive elements transfer from the surface to internal coating layers. At the 
initial time diffusion takes place more rapidly by occurrence of the great concentrational gradients at the matrix and 
coating boundary, in the second stage diffusion rate decreases due to the point defects and concentration gradients 
reduce. Results of the concentrational profiles analysis through the depth of binary ‘steel–coating’ systems could 
make a conclusion that tantalum is a preferred material as compared with tungsten to form a protective coating due 
to the lower degradation degree and thus more effectively reduce the long–term high temperature exposures. 
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